ABSTRACT: During the past four years, a novel Microwave Radiometry Imaging System (MiRaIS) has been developed and experimentally tested for brain activation imaging via contactless measurements. Through analytical theoretical and experimental analysis, the system seems to be able to detect any change of the product of temperature (T) and conductivity (σ ), that is change of the product T*σ . However, in order to be able to study any specific brain area of interest using the proposed system, its focusing properties need to be improved. The present work investigates the use of dielectric materials as filling material inside the whole ellipsoid geometry or as matching layer around the head. Aim of both ideas is to improve the matching conditions on the skin-air interface. The results from the simulations verified the validity of this approach and also that focusing points appear to be sensitive to the spatial movement of the head. For the simulations, a commercial FDTD tool is used, along with an anatomically correct human head model developed from MRI scans. SAR distributions are also calculated inside the head revealing the potential implementation of hyperthermia treatment with the proposed system.
Introduction
Focused Microwave Radiometry is a passive imaging technique which has been used for medical applications since 1970's (e.g. [1] - [2] ). The applications aim mainly at obtaining information about internal in-depth body temperature patterns by the measurement of the natural thermal radiation from the body tissues at low microwave frequencies. Knowledge of such internal body thermal patterns can assist clinical disease detection and diagnosis (e.g. cancer detection) [3] , and may have a role in the monitoring of therapeutic processes (e.g. temperature monitoring during hyperthermia treatment) [4] .
Moreover, knowledge of such thermal patterns inside the brain may provide useful information about brain activity. The first brain thermal measurements were conducted in animals more than 140 years ago [5] , long before the first recordings of the brain's electrical activity or even the realization that neural cells have electrical activity. Based on these experimental results and thermal recordings from human scalps, James concluded in [5] that "brain-activity seems accompanied by a local disengagement of heat" and speculated that cerebral thermometry may be valuable for experimental psychology to correlate brain activity with psychic functions.
In recent days, numerous experimental studies have demonstrated changes in the brain temperature of humans and animals upon functionally induced changes in brain activity (e.g. [6] - [10] ). A basic theory of such brain temperature changes was developed in [11] , where these changes were attributed to disproportional increases in blood flow as compared with oxygen consumption during changes in brain. Experimental measurements in the visual cortex of humans were consistent with this prediction [11] , showing the relation between brain activity and brain temperature elevation.
Apart from brain temperature, brain conductivity seems also to be affected by functional activity. It is considered that the electrical conductivity of the brain is determined by the relative volumes and differing impedances of the neurons, glial cells, blood, and extra-cellular fluid. It has been also suggested that an increase of regional cerebral blood volume (rCBV) due to neuronal activity will lead to an increase of cortical conductivity, because blood has lower impedance than the surrounding cortex. Since brain activity, measured with PET [12] and fmRI [13] , produces changes in regional cerebral blood flow (rCBF), brain activity in humans would consequently produce similar conductivity changes. Towards this direction, a Microwave Radiometry Imaging System (MiRaIS) has been developed and experimentally tested for feasible brain activation imaging [14] - [16] . Validation experiments using phantoms and animals have been performed [17] - [19] , providing temperature and/or conductivity variation measurements. In particular, results showed that the voltage output of the radiometer is linearly correlated with changes in the actual temperature of the subjects under measurement when conductivity remains unchanged and vice versa. Additionally, human experiments using MiRaIS included single-frequency measurements of activation of the primary somatosensory (SI) brain area, elicited during the application of the Hayling test [20] and the Cold Pressure Test (CPT) [14] . Analysis of the measured data indicates the potential value of using focused microwave radiometry to identify brain activity, possibly attributed to brain conductivity changes, which are induced during specific psychophysiological tasks. Furthermore, microwave radiometry seems promising as to operate in parallel with hyperthermia treatment in terms of temperature monitoring.
The present study aims at improving the focusing properties of the system, so as to be able to study any specific brain area of interest. For the analyses, the Finite Difference Time Domain (FDTD) method is implemented and the focusing properties are examined at a single operating frequency.
Materials and methods
The proposed Microwave System is an exact replica of the MiRaIS, cutting the latter transversally to the major axis at a distance of 5 cm from the focal plane. The physical dimensions of the new cavity are depicted in figure 1 . It is demonstrated in previous works [16, 21] that the system's focusing properties are not affected by this alteration.
The present study is the solution of the reciprocal problem in order to reduce the computational intensity, imposed by the solution of the initial "forward" problem. According to the reciprocity theorem, a response of a system to a source is unchanged when source and measurer are interchanged. Hence, instead of placing the source in the head model, the response of the head model, placed on one focal point of the ellipsoidal cavity, to the excitation generated by a dipole antenna positioned on the other focus, is calculated. Previous analytical theoretical [22] and experimental [17] - [19] analysis shows that the system is able to detect any change of the product of temperature (T) and conductivity (σ ), that is change of T*σ , at the subject under measurement. However, in order to have better spatial resolution the focusing properties have to be improved. Dealing with this task, this work examines two geometrical approaches; in the first, the whole volume of the ellipsoid is filled with dielectric material and in the second a hemi-sphere matching layer of the same material is placed around the head. Additionally, in the first scenario the volume of the ellipsoid is reduced by 25%. Aim of both approaches is to improve the matching conditions on the head-air interface, creating a stepped refraction index at that point that leads to reduction of the reflected electromagnetic field.
The analysis of the electromagnetic problem is approached numerically using the commercial simulation software xFDTD (Remcom Corporation) [23], along with a realistic adult head model developed from MRI scans. The presence of the head tissues and the well defined regions among them ensures detailed study and possible future monitoring and treatment of the brain area of interest.
In the following section, the electric field distribution inside the ellipsoid and the head is presented. The Specific Absorption Rate (SAR) inside head tissues is also calculated in an attempt to reveal the potential implementation of hyperthermia treatment with the proposed system.
Simulation results
Various simulations have been carried out at 1GHz. The anatomically detailed head model has a spatial resolution of 2.5mm and consists of 13 different tissues [16] . Electrical characterization of all tissues has been based on literature data [24] at the corresponding frequency.
In figure 2 the electric field distribution is presented when dielectric materials are not used. The elliptical geometry defines that the electric wave, originating from the dipole antenna at one focal point, converge on the other (white dot), where the area of interest is placed. In this case, the area of interest is the geometrical center of the head, that is, the head is centered at the focal point. However, the converging point does not occur on the desired focal point but 2.5 cm away. Scattering effects are also observed on the head-air interface resulting in small penetration of electric field inside head. In figure 3 the head is centered again at the focal point, but the ellipsoid is completely filled with lossless dielectric material of ε r = 6. In this case, the converging point has moved by 2.5 cm, occurring nearly on the focal point. The scattering effects have been significantly reduced, resulting in higher penetration of the electric field inside the head. SAR distribution (1-gram averaged SAR in W/Kg) is depicted in figure 3b showing a 'hot spot' of (3 × 3 × 5)cm 3 around the head's center.
In figure 4 the spatial sensitivity of the system is to be tested. In this case the head is shifted by 5 cm on the y axis. The electric field fails to converge on the focal point, but the system seems to be sensitive to the movement of the head since the converging point has moved by 2.5 cm to the direction of the ellipsoid's focus. The same situation is indicated in figure 4b , where the 'hot spot' has also moved by 2.5 cm, being still 2.5 cm far from the focal point (white dot).
The second optimization scenario makes use of a matching layer around the head. The radius of the hemi-sphere layer is 18 cm, twice the radius of the head model. When the head is shifted again by 5 cm on the y axis (figure 5), the converging point of the electric field remains the same as in figure 4a , but the magnitude of the field inside the head is again larger compared to figure 2, indicating high penetration. The 'hot spot' remains also the same as in figure 4b , but there is significant reduction of other 'hot spots' (e.g. in outer layers of brain, skin).
Discussion and conclusion
In this work, two optimization scenarios for improving the focusing properties of a microwave radiometry system were presented. The aim of both geometries was the reduction of the scattering effects on the head-air interface. In the first scenario, lossless dielectric material was used as filling inside the whole ellipsoid. The results from the simulations revealed a great enhancement of the electric field entering the head and furthermore, that the system appears to be sensitive to spatial movements of the head, since the converging point of the electric field moves close to the ellipsoid's focus, which is the desired point of interest. In the second approach, a matching layer of the same material was placed around the head and was once again observed high penetration of the electric field through the head and spatial sensitivity to the movement of the head in respect to the ellipsoid's geometrical focus. Concerning the calculated SAR values, the created 'hot spots' are smaller in comparison to the simple geometry where dielectric materials are not used [16] , indicating better localization of the deposed energy. Furthermore, in the second optimization scenario reduction of the unwanted 'hot spots' was observed.
Future research, including phantom and human experiments, implementing new focusing ideas, will illustrate the value of the proposed system to operate as a radiometry and/or hyperthermia clinical tool.
